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ABSTRACT 
While the solution diffusion model and pore flow model dominate pervaporation 
transport mechanism modeling, a new model combining the solution diffusion and 
viscous flow models is validated using membranes with large scale defects exceeding 2 
nm in diameter.  A range of membranes was characterized using scanning electron 
microscopy and x-ray diffraction (XRD) to determine quality and phase characteristics.  
MFI zeolite membranes of He/SF6 pure gas permeation ideal selectivities of 25, 15, and 3 
for good, medium, and poor quality membranes were subjected to liquid pervaporations 
with a 5% ethanol in water feed, by weight. Feed pressure was increased from 1 to 5 atm, 
to validate existence of viscous flow in the defects.  Component molar flux is modeled 
using the solution diffusion model and the viscous flow model, via 𝐽! = 𝐹! 𝛾!𝑥!𝑃!!"# +! !! ∅!!" 𝑥!𝑃!.  A negative coefficient of thermal expansion is observed as permeances drop 
as a function of temperature in all three membranes, where 𝜙 = !!!!!∆! .  Experimental 
parameter 𝜙 increased as a function of temperature, and increased with decreasing 
membrane quality.  This further proves that zeolitic pores are shrinking in one direction, 
and pulling intercrystalline voids larger, increasing the !!  ratio.  Permiabilities of the 
bad, medium, and good quality membrane also decreased over time for both ethanol and 
water, meaning that fundamental membrane characteristics changed as a function of 
temperature.  To conclude, the model reasonably fits empirical data reasonably well. 
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Chapter 1: Introduction  
1.1. Zeolite membranes 
Zeolite membranes are versatile candidates for many separations applications, which 
include seawater desalination, organic isomer separation, and removal of water from acid 
solutions, among many other things.1   Other industrially important separations performed 
by MFI zeolites are benzene from p-xylene, H2 from other hydrocarbons, and alcohols 
from water.2   
These aluminosilicates have molecular-sized pores, formed by uniform tetrahedral 
crystal structures.  While other inorganic membranes, such as polymeric membranes, are 
used in both industrial and laboratory scales, zeolite membranes are stable at higher 
temperatures, do not swell, and are chemically robust, even in separations of very strong 
solvents.1  
 
Figure 1: Ball and Stick MFI Zeolite Representation. 
Figure 1 above is a ball and stick representation of the MFI zeolite pore structure 
in one direction, where the large 10-membered ring in the middle has a pore size of 0.55 
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x 0.6 nm in diameter.1   Here, the balls represent silicon and oxygen, with some 
aluminum in cases of ZSM-5 membranes. 
MFI Zeolites in particular have an industrially important pore size in the z-
direction, 0.55 nm, which allows a great variety of separations to be possible.2   Zeolites 
that take the MFI form include silicalite and ZSM-5, where silicalite membranes contain 
only silicon atoms in the ten membered pore rings, where ZSM-5 zeolites contain 
aluminum substitutions in the rings.1   Due to the pore structure of MFI zeolites, 
molecular sieving action is not possible due to the kinetic diameters in question; Table 1 
is a list of kinetic diameters of ethanol and water in reference to the zeolitic pores in MFI 
membranes.   
Table 1: Illustration of Kinetic Diameters vs MFI Pore Size 3. 
Component Kinetic Diameter/Pore Size 
Water 0.296 nm 
Ethanol 0.430 nm 
MFI Membrane 0.55 x 0.6 nm 
 
However, separation is still possible via the surface chemistry of MFI membranes, 
because they can be synthesized to be hydrophilic or hydrophobic.  One can determine 
the hydrophobicity of a membrane by using the index below, while taking care to refrain 
from changing pressure and temperature conditions when comparing different 
membranes.1 
 𝐻𝐼 = !!"#$!"#!!"#$% (1) 
 
Equation 1 above is the definition of the hydrophobicity index, where qorganic is the 
quantity of organics adsorbed from the vapor mixture, and likewise with water, qwater. .1 
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An example of a hydrophobic membrane is silicalite-1, which effectively separates 
dehydrates organics, while an NaA membrane is very hydrophilic.1   Hydrophobicity is 
related to the Si/Al ratio in the membrane, so high aluminum content membranes with 
Si/Al closer to 1, for example, are very hydrophobic.1   However, the aluminum content 
in a membrane is not the only deciding factor for hydrophobicity; structure also plays a 
role.1  Defects in the zeolite structure give rise to silanol terminal sites (S-OH), which 
increase local hydrophilicity.1   
Ethanol is considered a volatile organic compound.  Baker et al express concerns 
of concentration polarization occurring at the membrane surface at the feed side during 
pervaporation with water, which may cause permeation properties that were not 
expected.4   The pervaporation cell used in this study was a stainless steel vessel with 
thick walls and no stirring mechanism; some effort would have been required to add one. 
To rule out concentration polarization in the future, and in studies with water and other 
volatile organic compounds, creating a more turbulent environment for the feed liquid 
may allow for permeation behavior that is more expected. 
To improve the separation quality of MFI zeolite membranes in pervaporation 
applications, a light coating of PDMS could be applied.  This was achieved by Yadav et 
al, improve the performance of silicalite-1 membranes.5   Polydimethylsiloxane (PDMS) 
is very hydrophobic; an added coating to a silicalite-1 membrane provides extra 
hydrophobicity in order to separate water from alcohols.5 
1.2. Pervaporation and Models Reported in Literature 
Pervaporation combines the concepts of evaporation and permeation, which is 
advantageous during separation of close–boiling mixtures, azeotropes, and mixtures of 
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thermally sensitive compounds which can otherwise require very expensive and tedious 
separations processes using thermal separation methods.1,6   The driving force for 
pervaporation is the chemical potential difference between the feed and permeate sides of 
a pervaporation membrane.7  
 
Figure 2: Schematic diagram demonstrating pervaporation process. 
Figure 2 above is a schematic of a classic pervaporation, where a pervaporation 
membrane is placed inside a membrane cell, feed is applied on one side, and a vacuum 
pull vaporizes the permeate on the other side. Some debate has taken place as to whether 
the permeate changes phase at some point within the pore, or if the phase change occurs 
immediately after the permeate exits from the vacuum side of the membrane.   
As mentioned in the membrane separation introduction, membranes have been 
investigated for separation of ethanol from water; Elyassi et al report a holistic look at 
silicalite and ZSM-5 membrane use in their 2016 work describing b-oriented silicalite 
membranes.8   
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Table 2: High performing pervaporation membranes. 
PV Performance  Conditions Reference Flux (kg.m-2.hr-1) SF Temperature (°C) Feed  
0.68 32 30 5% EtOH in H2O Ikegami et al 9 
2.1 85 60  5% EtOH in H2O Elyassi et al 8 
0.9 106 60 5% EtOH in H2O Lin et al10 
Table 2 above provides a snapshot of high performing silicalite membranes for 
ethanol/water separation for reader context.8   Mechanisms of pervaporation transport are 
described in the next section, where the solution-diffusion model is the most widely 
accepted mechanism.1 
There is no universal model which describes pervaporation transport, and the 
existing ones are specific to the systems studied.11   The two most important models 
which describe the mechanism of transport through pervaporation membranes are the 
pore-flow model and the solution-diffusion model7.  Both models start with the same 
thermodynamic basis; the driving force for the permeation of a component is the 
chemical potential gradient.7  This can be simply described with Equation 2 below. 
  𝐽! = −𝐿! !!!!" (2) 
Equation 2 describes the chemical potential gradient as the driving force for 
pervaporation permeation for one component.7  Li is a proportionality coefficient which 
relates driving force to flux.7  Pervaporation transport models are derived from equation 2 
above.7  Of the two pervaporation transport mechanisms to be discussed below, the 
solution-diffusion model is the most widely accepted mechanism in the membrane 
community, although the pore-flow model did describe empirical data sufficiently well 
for a long time in the 20th century.7 
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Table 3 Microscopic Flow Regimes per Pore Size.3 
Transport Mechanism  Pore Diameter 
Molecular Sieving  <1 nm 
Knudsen Diffusion 2-100 nm 
Convective Flow, including 
Poiseuille, viscous, laminar flows >20 nm 
 
The pore flow model is a semi-empirical model used to describe single component 
and binary component membrane fluxes through a membrane during pervaporation.3   An 
important assumption while using this model is that a membrane is composed of 
cylindrical, straight pores that are the same length as the membrane is thick.3   The 
driving force for the pore flow model and the solution-diffusion model is chemical 
potential; however the series of steps for which permeation takes place are a bit different.  
First, the liquid feed enters the pore from the feed side. When the pressure inside the 
pores falls below the saturated vapor pressure of the components, a phase change from 
liquid to vapor will occur.3   The saturated vapor pressure, the point at which phase 
change occurs, exists within the pore as an intermediate pressure between the feed 
pressure and the downstream vacuum pressure.12   Then, the permeate exits at the 
vacuum-pulled end of the membrane.13   Due to the inherent pressure gradient within the 
pores, convective transport is assumed in the pore-flow model.3 
This is a distinct difference from the solution-diffusion model, in which the phase 
change is assumed to be at the absolute end of the membrane at the permeate side.13   
For binary mixtures, flux through membranes with low swelling and small pore diameter, 
component fluxes can be calculated via the following equations.3 
	 	 𝐽! = !!!"#$! ∗ [ 𝑃!!"# ! − 𝑃!!"#$% !] (3)	
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The coefficient Bpore is described below, which is determined by empirical pervaporation 
results.3 
  𝐵!"#$ = !∗ !!!"#$!!"!!!"! !∗!!"∗!!!!!"#$ ∗ !"!! 𝑘!! ,! ! (4) 
Here, Nt is total pores per membrane area, k’D,i is the i component Henry’s Law 
coefficient, rpore is pore radius, and lAd is the adsorption monolayer thickness.3   
The solution diffusion model explains how a chemical potential gradient is 
proportional to flux, and hence the transport of liquid species through a pervaporation 
membrane.  In this model, the product of diffusivity and solubility is equal to 
permeability.3   Unlike the pore-flow model, the chemical potential gradient is expressed 
as a concentration gradient, as opposed to a pressure gradient.  Ideal case pervaporation 
transport modeling via the solution diffusion model is well understood.6-7, 14   Under ideal 
conditions with dense membranes, as described by Baker and co-workers, the standard 
solution diffusion model is described as follows in a pervaporation setting in Equation 5 
below. 
  𝐽! = 𝐹!(𝑃!!"# − 𝑃!) (5) 
In equation 5, the single component flux Ji is described as a function of component 
permeance Fi, component saturated vapor pressure, and permeate side component partial 
pressure Pi.6   This model works well for membranes with pore sizes of 1 nm or less or in 
dense, nonporous membranes.7   Here, Fi is membrane permeance, or permeability 
divided by membrane thickness, Pisat is the saturated vapor pressure of the component, 
and Pi is downstream pressure.  This model describes a pervaporation separation process 
where no large defects are present or assumed.  Importantly, the solution-diffusion model 
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assumes constant pressure across the membrane thickness, where a pressure gradient 
across the membrane is assumed in the pore-flow model above.7   
The work outlined in this thesis describes the investigation of large pore defects by 
increasing pervaporation feed pressure; viscous flow is then expected to increase as a 
function of feed pressure applied, increasing total flux.  Pervaporation transport 
mechanisms in cases of defective dense membranes have not been well defined.   
A phenomenon known as viscous flow occurs when a hydrostatic pressure is applied 
across the membrane, and when pores are larger than the mean free path of vapor 
molecules through those pores.3   The Hagen-Poiseuille equation can be used to describe 
viscous flow flux through a membrane if capillary pores are assumed.15   Here, we can 
relate a pressure gradient driving force to inherent membrane properties like tortuosity, 
pore radius, porosity, and to the characteristics of the permeant, such as viscosity. J! = !!!!!"!! . ∆!∆! (6) 
Equation 6 is the Hagen-Poiseuille equation for viscous flow through capillary membrane 
pores.15,16   This model works well for pore sizes exceeding 20 nm, and will be used in 
later for the proposed model.3   
 Some research has been conducted on the subject of pervaporation transport 
modeling for defective and non-defective membranes.  Wijmans et al applied up to 20 
atm of hexane feed pressure to a rubbery pervaporation membrane to indicate that flux is 
independent of feed pressure; no noticeable increase as a function of pressure was 
reported.7   However, this is in the case of a dense and nonporous rubber membrane, as 
opposed to a porous inorganic membrane that is understood to be low quality.   
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Elshof et al used the Maxwell-Stefan theory to describe pervaporation results of 
DMF, methanol and water through microporous silica membranes.17 
  − !!" !!!!" = !!!!" 𝑣! − 𝑣! + !!!"! 𝑣! (7) 
Equation 7 above is the Maxwell-Stefan theory which describes the driving force 
for component i in a membrane.17 The variable z is the transport direction, R is the ideal 
gas constant, µi is the chemical potential of I, vi and vj are the velocities of component i 
and j respectively, Dij is the Maxwell-Stefan micropore diffusivity between the two 
components, and D’iM is the micropore diffusivity of only component i in the 
membrane.17   In this effort, Maxwell-Stefan micropore diffusion coefficients were 
estimated, and flux modeling was achieved through use of these coefficients as opposed 
to the solution diffusion model or the pore flow model.17   However, estimating the 
diffusion coefficients for such a system can be tedious, making this model a difficult one 
to work with. 
 A study by Wang et al suggests that, in the case of wound hollow-fiber 
membranes, solution diffusion coexists with Knudsen diffusion and viscous flow, all at 
once during gas separations.18   
 Okada and Matsuura believe that pervaporation is only truly described with a 
combination of liquid transport and vapor transport, indicating that vaporization of the 
permeate occurs at some point within the pore, before the full thickness of the membrane 
is exhausted.13   However, the authors are unable to point out the specific point within the 
pore at which the phase change occurs.    
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1.3. Problem Statement, Objective of Thesis Research, and Thesis Structure 
Pervaporation transport mechanisms through MFI zeolites have been studied.  Wang 
et al suggest that ZSM-5 type membranes with an Si/Al ratio of 100 effectively perform 
desalination with pervaporation, following the solution diffusion model.11   Bowen and 
co-workers suggest that at low permeate pressures, sufficient to keep fugacity low, the 
separation of alcohols from water through MFI zeolite membranes is related to diffusion 
properties and adsorption properties.19   Pera-Titus et al combined the solution-diffusion 
model and the Maxwell-Stefan theory to describe “real” NaA MFI zeolite membranes, 
with reasonable success; concluding remarks suggest that membrane grain boundaries 
provide and accelerated diffusion path for an ethanol water system.20   However, no study 
reported has combined the solution diffusion model and the viscous flow model for a 
pervaporation application, which demonstrates the novelty of this research.   
Pervaporation transport through MFI zeolite membranes is poorly understood in 
instances where the dense membrane has large defects exceeding 2 nm in diameter.  
While viscous flow occurs through large, cylindrical pores, and the solution diffusion 
model describes permeance through normal zeolitic pores, this work seeks to determine if 
both flow regimes play a role to describe pervaporation component flux in defective 
membranes.  The driving force for viscous flow is pressure drop, so conduction of 
pervaporation experiments in which feed pressure is gradually increased will indicate the 
degree to which viscous flow occurs, and additionally the condition of the membrane. 
This work will describe MFI zeolite membrane synthesis and characterization, in both 
the experimental membranes and those reported in the literature.  Three membranes are 
chosen from former lab group members’ projects.  Chapter 2 briefly outlines membrane 
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synthesis methods and characterization methods.		X-ray diffraction, single gas permeation 
tests, and SEM determine the types of MFI zeolites used in addition to their quality.  
Finally, results of feed pressurized pervaporation experiments are analyzed and 
interpreted, and fitted to the proposed model in Chapter 3.  Conclusions and 
recommendations for future studies are listed in Chapter 4. 
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Chapter 2: Experimental 
2.1. Membrane synthesis  
This project required a spectrum of membrane qualities, spanning from good to 
somewhat poor.  In order to have a good variety, membranes synthesized by former 
group members were chosen and characterized.21   This variety of membranes on hand 
allows this project to use defective membranes of different types. 
 Membranes chosen for this project were synthesized via the seeded secondary 
growth method under different conditions on α-alumina supports.21   Supports were 
pressed from A16 powder, sintered at 1150°C for 30 hours in dry air, and then polished 
using SiC rough, medium, and fine sandpaper.21   Hydrothermal synthesis at 120°C 
yielded silicalite seeds after 12 hours, using the synthesis solution.21   Polished sides of 
the α-alumina supports were dip coated with a silicalite seed layer, dried at 40°C for 48 
hours, and calcined at 550°C in ambient air for eight hours, in order to laminate the 
support and the seed layer.21  The solution and seeded supports were then hydrothermally 
treated at conditions listed below in a Teflon-lined stainless steel autoclave.21 
Table 4 Synthesis Solutions for Templated and Template Tree MFI Zeolite 
Membranes.21 
Membrane Type Synthesis Solution 
Silicalite Seed Synthesis 
Solution (molar 
composition) 
10SiO2: 2.4TPAOH: 1g NaOH:110H2O 
Secondary Growth 
Solution; Templated 
(molar composition) 
1KOH:1TPABr:4.5SiO2:16C2H5O:1000H2O. 
Secondary Growth 
Solution; No Template 
(mass composition) 
5gSiO2:60 gH2O:1.15gNaOH:0.65g Al2(SO4)3 
Al2(SO4)3 *18H2O 
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 Ma and co-workers discovered intra crystalline and inter crystalline pore radii 
using positron annihilation spectroscopy. Table 5 below is a summary of pore radii found 
in Ma and co-workers’ MFI zeolite membranes, synthesized via the secondary growth 
method.  Pore radius information was found using positron annihilation spectroscopy 
Table 5 Pore Radius Summary from Positron Annihilation Spectroscopy 21. 
Sample Type Intracrystalline radius  
Å 
Intercrystalline radius 
Å 
Templated, random orientation 3.11 ± 0.01 8.33 ± 0.03 
Template free, random orientation 3.05 ± 0.01 7.43 ± 0.04 
Templated, h0h-orientation 3.64 ± 0.01 8.04 ± 0.02 
Templated, c-orientation 2.73 ± 0.04 9.17 ± 0.01 
The template free random oriented samples exhibited the smallest intercrystalline 
radii, suggesting a great advantage to not using a template during synthesis.  
2.2  Membrane characterization  
 
Single gas permeation studies are essential to understanding preliminary quality 
of membranes before critical experiments take place.  First, membranes are placed into an 
unsteady state single gas permeation apparatus using a stainless steel cell, as described in 
Figure 6 below.  Securing the membrane with O-rings prevents leakage. 
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Figure 3: Apparatus for Single Gas Permeation Studies. 
Next, a feed pressure is applied with helium gas, which is 20 psig for all executed 
experiments below.  After the system reaches steady state, a bubble flow meter on the 
permeate end of the unsteady state single gas permeation apparatus is used, with a 
stopwatch, to measure the flow rate of gas through the membrane at a given pressure.  
The process is repeated with SF6 and the ratio of permeances is listed as ideal selectivity. 
As a final step in membrane characterization, a piece of software called ImageJ, 
developed by the NIH, was used to estimate intercrystalline pore size using SEM 
images.29   Images with a 10-micron scale bar were used.  This is done by setting the 
pixel scale, cropping image, setting the contrast, and set threshold.  Then, create a binary 
image.   
 After clicking Analyze Particles, a results window will appear, telling the user the 
total area of pores, and then dividing by image area will yield average pore area.  This 
value can then be used to back-calculate pore radius. 
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Table 6: Average Inter-Crystalline Pore Area and Histograms. 
BQM Pore Area 
Average Pore Area: 
0.0288 µm2 
MQM Pore Area 
Average Pore Area:  
0.0075 µm2 
GQM Pore Area 
Average Pore Area: 
0.0050 µm2 
  
 
 
 
 
An example for the BQM sample is shown in Figure 4, where inter-crystalline pores were 
analyzed.  This procedure was likewise repeated with MQM and GQM. 
	
Figure 4: ImageJ Analysis of BQM sample.29 		
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2.3   Pervaporation Experiments  
 
 Materials involved in this experimentation include an autoclave used as a 
pervaporation cell, a 5% by weight ethanol in water solution, a liquid nitrogen cold trap, a 
cylinder of compressed air complete with regulator, a vacuum pump, an assortment of 
Swagelok fittings and adapters, and several valves.  An Agilent Technologies 7890A gas 
chromatograph was used in all ethanol in water concentration experiments.  In the 
experiments that required it, a heating jacket was placed around the stainless steel 
autoclave and pervaporation cell in order to control temperature. 
Figure 5 is a schematic of the pervaporation apparatus itself.  The compressed air 
to the right easily applies a pressure head to the feed vessel, which was tuned from low to 
high in every series of experiments.  The apparatus was configured such that the outlet 
pressure reading on the compressed air regulator matched that of the outlet pressure from 
the pervaporation cell, to within 1 psi.  System pressure is then confidently in control.  
The system is checked for leaks using soapsuds at every Swagelok connection.  
	17 
 
Figure 5: Pervaporation Apparatus Schematic. 
The experiments which have been analyzed in the Results and Discussion Section 
have been completed in precisely the same manner, except in some cases the run length.  
Good quality (GQM), medium quality (MQM), and bad quality (BQM) membranes are 
tested at room temperature, 45°C, and 60°C at 1-5 atm of feed pressure. The 
pervaporation feed is an aqueous 5% weight ethanol in water solution.  Observations are 
recorded and 30 or 60-minute runs are timed using a stopwatch.  In order to dry the cold 
trap from the previous run, the valve to the cold trap is opened and the valve to the feed 
and membrane was closed; this allows easy evacuation of the cold trap as the vacuum 
pump is running.  Once the cold trap is cleared of the residual droplets from the previous 
run, the valve to the pervaporation cell and membrane is opened.  Simultaneously, the 
pressure for the run is adjusted.  The pressures of the feed were measured via the feed 
pressure gauges on the apparatus and checked with the reading on the compressed air 
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cylinder, and total feed pressure was calculated using the gauge pressure added to 
atmospheric pressure.  A quick check will indicate that the outlet pressure from the 
compressed gas regulator matches that of the outlet pressure from the pervaporation cell.  
Pressures, if not quite on the 1-5 atm increments, were recorded for accuracy; it is 
sometimes difficult to dial feed pressures down for slight modifications after a higher 
pressure has already been established.  
Once all valves are opened and feed pressure is established, 15 minutes elapse 
before the cold trap is exposed to liquid nitrogen.  Cold trap exposure to liquid nitrogen 
marks the beginning of a thirty-minute to one-hour run.  Some membranes produce a 
very high flux, which causes too much permeate to freeze in the tubes of the liquid 
nitrogen cold trap; this can block the tube and affect the run, so highly defective 
membranes were run for 30 minutes in most cases.  After the run, the cold trap is dried 
from external condensation and weighed, indicating the mass of the permeate.  
 
Figure 6: Ethanol in Water Calibration Curve. 
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After the permeate is measured, the initial weight of the completely dry cold trap 
is taken into account and subtracted from the cold trap, yielded the mass of the permeate 
only.  Then the permeate is dripped from the cold trap and into a test vial, and 2 µL of 
permeate is drawn into the gas chromatograph syringe.  The liquid is injected into the 
second column of the gas chromatograph, and integral peaks for the concentration of 
ethanol are recorded.  Permeate ethanol concentrations are determined from the 
calibration curve above, which is based on 2 µL of volume and the integral peaks from 
the ethanol and water program in the second column. 
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Chapter 3: Results and Discussion 
3.1 Membrane characteristics  
 Results for single gas permeation are below.  Based upon the ideal selectivities in 
Table 6, membranes are designated with “good quality membrane” (GQM), and likewise 
for medium (MQM) and bad quality (BQM) membranes.   
Table 7: Single Gas Permeation Results and He/SF6 Ideal Selectivities. 
Model 
Designation 
He 
Permeance 
mol/m2.s.Pa 
SF6 
Permeance 
mol/m2.s.Pa 
Ideal 
Selectivity 
BQM  6.1 x 10-7 1.1 x 10-7 5.7 
MQM  1.7 x 10-7 1.8 x 10-8 9.3 
GQM  1.9 x 10-7 7.3 x 10-9 25.4 
Some of former group members’ membranes had been labeled explicitly with the 
variety of support, but some have rubbed off over time and previous experimental use.  
Below are some of the raw XRD patterns for the membranes tested, keeping in mind that 
former group members have used standard α and γ-alumina supports for some of the MFI 
membranes, and for others used a coating of YSZ on top of the α and γ-alumina layers.   
X-ray diffraction (XRD) using Bruker AXS-D8 x-ray diffractometer using CuKα 
radiation was used for analysis, and stepwise scanning occurred from 2θ = 5° to 50° in 
0.05° increments.   
Figure 3 is the XRD signal of an MFI membrane, based on strong peak intensities 
at 2θ values of 10 and 25.22   Peaks at 27, 36 and 39 indicate the underlying alpha-
alumina support, as shown by O’Brien et al.22   For the particular samples below, Ma et. 
al. synthesized template h0h-oriented MFI membranes which generate peaks at 2θ values 
of 14 or so, as reported in 2015.21   Finally, YSZ has been used as an intermediate support 
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layer in previous group publications, and is likely present in some of these patterns at 2θ 
values of 30 and 35.23,24 
 
Figure 7: Good Quality Membrane XRD Results. 
 The membranes in Figures 3-5 all exhibited MFI structure.  One exhibited 
silicalite looking XRD signals, and two of the membranes looked to exhibit a yttria-
stabilized zirconia (YSZ) intermediate layer for ease of synthesis.21   Figure 6 is an MFI 
membrane with a YSZ intermediate layer used for thermal stability and ease of synthesis, 
due to the lack of peaks at 30, 35 = 2 Theta and presence of appropriate peaks for MFI 
structure.22-24 This membrane corresponds to the GQM membrane, or “good quality 
membrane” as further determined in single gas permeation tests.  
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Figure 8: XRD Results for Medium Quality Membrane (MQM). 
 
Figure 9: Bad Quality Membrane (BQM) XRD Results. 
Figure 7 describes a membrane fitting the MFI XRD pattern for ZSM-5 on an alpha-
alumina support.22 This membrane corresponds to the MQM membrane, or “medium 
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quality membrane” as determined in single gas permeation tests.  Figure 9 also indicates 
YSZ in the support. This membrane corresponds to the BQM membrane, or “bad quality 
membrane” as determined in single gas permeation tests. 
The candidates for critical experimentation were narrowed down based on their 
physical appearance, their XRD patterns, and their diverse looking quality.  A final 
summary of their XRD patterns below show a good comparison between them, some 
containing YSZ and some not.   
 
Figure 10: XRD Intensities Compared. 
The good quality membrane will be referred to as GQM, and likewise for the medium 
(MQM) and bad quality (BQM) membranes.  
Cross section and surface SEM images were taken using an Amray 1910 SEM, 
following an initial gold sputter using a Cressington 108 Auto sputter coater.   
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Figure 11: Bad Quality Membrane SEM images, (a) cross section (b) surface one (c) 
surface image two (d) surface image three. 
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Figure 12 Medium Quality Membrane SEM images, (a) cross section (b) surface one (c) 
surface image two (d) surface image three. 
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Figure 13: Good Quality Membrane SEM images, (a) cross section (b) surface one (c) 
surface image two (d) surface image three. 
The membrane layer thicknesses can now be listed in the table below. 
c 
d 
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Table 8: MFI membrane layer thicknesses from SEM. 
Membrane Thickness  (µm) 
GQM 8.65 – 9.23 
MQM 5.77 
BQM 5.38 
 
Using a piece of software from the National Institute of Health called ImageJ, 
intercrystalline void areas were estimated using Figures 10, 11, and 12.29   
Large intercrystalline defects appear as darker in color than the membrane 
crystals, and Image J was used to count the darker pixels in the image in order to average. 
See Appendix B for more details.  Assuming pores are circular in shape, we have the 
following results for pore size.  Methods are in the characterization section above, and 
average intercrystalline void radius is shown below. 
Table 9: Average Intercrystalline Pore Size from SEM, by Membrane. 
Membrane Pore Radius (nm) 
GQM 40 
MQM 49 
BQM 96 
This verifies that the intercrystalline pores are within the viscous flow range, as 
outlined by Basile et al.3   
3.2 Pervaporation Results 
 
Using the procedure listed in section 2.3, three pervaporation membranes yielded 
the following total molar flux results. 
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Figure 14: Results of Bad Quality Membrane (BQM) Pervaporation at 25, 45, and 60°C. 
 
Figure 15: Results of Medium Quality Membrane (MQM) Pervaporation at 25, 45, and 
60°C. *Denotes poorly controlled data point, removed from Table 9. 
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Figure 16: Results of good quality membrane (GQM) pervaporation at 25, 45, and 60°C.  
* Denotes poorly controlled data point, removed from Table 9. 
Two 1 atm data points were poorly controlled and yielded physically unlikely 
results, and were removed from the line fits in Table 9.  Using a general equation of the 
line, Table 9 shows the terms used to calculate model values in 11, 12, and 13.  These are 
taken from trendline fits from the component fluxes of ethanol and water.   
Table 10: Line Fitting for Component Fluxes, Using Ji = APh+B. 
Sample Temp. 
K 
EtOH Water 
A B R2 A B R2 
BQM 298 6.6*10-10 5.0*10-5 91% 3.5*10-8 0.0035 90% 
318 8.8*10-10 6.5*10-5 99% 3.8*10-8 0.0065 93% 
333 1.4*10-9 7.1*10-6 99% 6.5*10-8 0.0028 99% 
MQM 298 2.3*10-11 7.5*10-5  25% 3.0*10-9 0.0036 95% 
318 9.1*10-11 1.2*10-4 78% 5.0*10-9 0.0057 76% 
333 5.4*10-11 1.9*10-4 11% 7.6*10-9 0.0068 70% 
GQM 298 3.9*10-13 9.2*10-6 16% 2.7*10-9 0.0026 89% 
318 4.5*10-12 4.6*10-5 23% 5.0*10-9 0.0080 74% 
333 2.9*10-11 1.4*10-4 30% 3.9*10-9 0.0116 77% 
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Figure 17: Separation Factor Results for GQM. 
	
Figure 18: Separation Factor Results for MQM. 	
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Figure 19: Separation Factor Results for BQM.  
3.3 Proposed Model for Binary Separations Processes for Defective Membranes 
Using the most well-accepted pervaporation transport mechanism model, the 
solution-diffusion model, and the viscous flow model described in section 2.3, we can 
propose a model for flow that is viscous through large defects, yet abides by the solution-
diffusion model in all zeolitic pores within the crystal structure.  The model proposed in 
this work combines the solution diffusion model and a viscous flow model; the solution 
diffusion model describes pervaporation results with an ideal membrane with uniform 
pores and no large defects.   
  𝐽! = 𝐹! 𝑃!!"# − 𝑃! + 𝑥! ! !! !!! 𝑃! − 𝑃! (8) 
Equation 8 is the proposed basic model for a single permeant through a membrane with 
defects of 2nm in diameter or larger, and it combines the solution diffusion and viscous 
flow models.  Above, 𝜙 is a term that relates membrane properties such as tortuosity, 
porosity, and membrane thickness; 𝜙 = !!!!!∆! , which was adapted from Equation 6 
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above.15   This coefficient is found experimentally and varies from membrane to 
membrane.  The terms are as follows: 𝜖 is porosity, rp is zeolitic pore radius, 𝜏 is 
tortuosity, ρ is component density, MW is molecular weight, and ∆𝑥 is membrane 
thickness.  
The solution-diffusion model effectively models membrane separations with 
membranes of pore sizes less than 1 nm.3   MFI membranes have 0.55 nm zeolitic pores 
in the crystal structure, making them applicable to the first term above, the solution 
diffusion model.  The second part of the model is the viscous flow pore model, which 
applies to pores exceeding 2 nm in diameter, working sufficiently for microfiltration and 
ultrafiltration.  While MFI membranes don’t exhibit this large of a pore in the crystal 
structure itself, a 2 nm pore would indicate a defect in the membrane or a large 
intercrystalline pore, causing increased flux and a less selective separation of ethanol 
from water, which suggests that a component of the membrane flux is viscous flow.   
In the case of a mixture with components i and j, the proposed model for pervaporation 
through a defective membrane is described in Equation 9. 𝐽! = 𝐹! 𝛾!𝑥!𝑃!!"# − 𝑦!𝑃! + !! !!,! ∅!!" 𝑥!(𝑃! − 𝑃!) (9) 
Equation 9 is a combination of the solution diffusion model in the first term and the 
viscous flow model in the second term for a multi-component system application.25   
Ignoring downstream pressure, which is assumed to be 0, we can reduce equation 8 to the 
following in equation 9. 𝐽! = 𝐹! 𝛾!𝑥!𝑃!!"# + !! !!,! ∅!!" 𝑥!𝑃! (10) 
This model in equation 10 can be validated using a pressurized feed, generating a 1-5 
atm increase in the hydraulic pressure, and measuring increased flux as a function of 
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hydraulic pressure.  Then, values for 𝜙 and component permeances Fi and Fj can be 
found through regression of component molar fluxes from feed pressure experimentation.   
3.4  Analysis of Pervaporation Results with Proposed Model. 
Using the linear trend line fits of the pervaporation data, model unknowns for 
each membrane, Fi, Fj, and Φ, can be calculated.  Table 11 below lists the necessary 
constants for this exercise.   
Table 11: Constants used to determine model unknowns. 
 25°C 45°C 60°C 
γEtOH (2 mol%) 6.27 6.27 6.27 
γWater (98 mol%) 1 1 1 
PEtOHsat (kPa) 7.9 23.1 47 
PWatersat (kPa) 3.3 9.6 20 
Liquid µEW (Pa.s) 1.6 *10-3 1.6*10-3 1.5*10-3 
The mixture viscosity was calculated using the Vogel Equation, shown below.    
  𝜇!" = 10!!!"# !! !!!!"#(!!) (11) 
In this form, xA refers to the molar fraction of component A in the mixture, 
likewise for xB, and µA and µB are the respective viscosities of the pure components.  
Mixture viscosities were calculated using liquid viscosities of both of the components.   
Finally, the Antoine equation was used to calculate saturated vapor pressures of 
ethanol and water. 𝑷𝒊𝒔𝒂𝒕 = 𝐞𝐱𝐩 𝑨− 𝑩𝑪!𝑻 𝑲 (12) 
Arrhenius plots for water and ethanol activation energies through each membrane 
were generated as a function of component permeance and the equation below.26 
  𝑙𝑛𝐹 = 𝑙𝑛𝐴 − !!!" (13) 
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Figure 20: Bad Quality Membrane Arrhenius Plot for Permeances. 
	
Figure 21: Medium Quality Membrane Arrhenius Plot for Permeances. 
-25	
-20	
-15	
-10	
-5	
2.95	 3.05	 3.15	 3.25	 3.35	
ln
(F
)		
1000/T	[K-1]	
Ethanol		 Water	
-20	
-15	
-10	
-5	
2.95	 3.05	 3.15	 3.25	 3.35	
ln
(F
)		
1000/T	[K-1]	
Ethanol		 Water	
	38 
	
Figure 22: Good Quality Membrane Arrhenius Plot for Permeance. 
Using the linear trend lines again from the Arrhenius plots for component 
permeances, activation energies are calculated and all model information is compiled in 
the tables 9 thru 11 below.  
Table 12: Model Values, BQM. 
 BQM Model Values 
T (K) 
ϕ 
Ethanol 
ϕ 
H2O 
FEtOH 
mol/m2.s.Pa 
FH2O 
mol/m2.s.Pa 
Ea, EtOH 
kJ/mol 
Ea, H2O 
kJ/mol 
298 3.1*10-15 1.1*10-15 5.0*10-8 1.1*10-6 
 -83.7  -46.5  318 4.1*10-15 1.1*10-15 2.2*10-8 6.8*10-7 
333 6.0*10-15 1.8*10-15 1.2*10-9 1.4*10-7 
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Table 13: Model values, MQM. 
 MQM Model Values 
T (K) 
ϕ 
Ethanol 
ϕ 
H2O 
FEtOH 
mol/m2.s.Pa 
FH2O 
mol/m2.s.Pa 
Ea, EtOH 
kJ/mol 
Ea, H2O 
kJ/mol 
298 1.1*10-16 9.1*10
-17 7.5*10-8 1.2*10-6 
-20.1 -28.0 318 4.2*10-16 1.4*10
-16 4.3*10-8 6.0*10-7 
333 2.4*10-16 2.1*10
-16 3.2*10-8 3.5*10-7 
 
Table 14: Model values, GQM. 
 GQM Model Values 
T (K) 
ϕ 
Ethanol 
ϕ 
H2O 
FEtOH 
mol/m2.s.Pa 
FH2O 
mol/m2.s.Pa 
Ea, EtOH 
kJ/mol 
Ea, H2O 
kJ/mol 
298 1.9*10-18 3.0*10-11 9.2*10-9 8.5*10-7 
22.6 -7.8 318 2.1*10-17 1.5*10-10 1.6*10-8 8.5*10-7 
333 1.3*10-16 1.3*10-10 2.4*10-8 5.9*10-7 
 
The phi values increase as a function of temperature in every case.  While phi 
should theoretically be constant because it describes inherent membrane properties, 
increases in the porosity to tortuosity ratio are observed as a function of temperature.  In 
addition, the phi values for ethanol and water are very close in magnitude to one another 
in the bad quality and medium quality membranes, indicating a good reasonable fit to the 
model in cases when large defects are more present.   
The parameter phi also increases as membrane quality decreases.  This indicates 
an increase in the porosity to tortuosity ratio within the membrane, meaning that poorer 
quality samples have larger, and hence less selective voids in their structure.  These 
results again point to the model reasonably modeling component molar flux.   
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Based on the Arrhenius plots above, the activation energies are negative for the 
component permeances through bad and medium quality membranes.  A possible 
explanation for this phenomenon is that MFI zeolite membranes have a negative thermal 
expansion/contraction ratio, as determined in 2000 by Junhang et al.27   The room 
temperature to 200°C range that exhibits a negative thermal expansion/contraction ratio 
comfortably encompasses temperatures used in these experiments.27   As the zeolitic 
pores contract, as a function of temperature, the required activation energy to permeate 
the pore increases, explaining lower permeances as a function of temperature for both 
components in the cases of BQM and MQM.   
 On the other hand, activation energy for ethanol permeance through the GQM is 
positive, indicating a higher permeance through the zeolitic pores as a function of 
temperature.  The good quality membrane has few major defects, as seen in the SEM 
characterization section above. 
 As mentioned, three membranes have been characterized and tested for model 
fitting, for the purpose of understanding how well the model describes good and bad 
quality membranes.  Theoretically, permeability through zeolitic pores should not change 
as a function of pressure, and membranes that are similarly synthesized should have very 
similar or identical permeabilities through the aforementioned zeolitic pores themselves.  
Component permeances were calculated from the model, equation 11, from the linear 
trend lines from empirical data for all of the membranes.  Permeabilities are easily 
calculated using the membrane thicknesses from table 7 and component permeances from 
tables 10 and 11, because fi = Fi*l.   
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Table 15: Permeability (mol.m-1.s-1.Pa-1) Values Found Via Modeling. 
 GQM MQM BQM 
T (K) fEtOH  fH2O fEtOH fH2O fEtOH fH2O 
298 0.080 7.333 0.433 6.650 0.270 5.994 
318 0.137 7.336 0.245 3.475 0.119 3.682 
333 0.210 5.129 0.185 2.009 0.006 0.756 
Table 15 demonstrates that the good quality membrane was the most comparably 
hydrophilic, due to the high permeability in the MFI crystal pores.  The medium quality 
membrane was slightly less hospitable to water in the zeolitic pores, and the bad quality 
membrane is the least permeable to water.  The assertion that the zeolitic pores have a 
negative coefficient of thermal expansion is once again supported above, where almost 
all permeabilities decrease as a function of temperature.  Closing of zeolitic pores as a 
function of temperature pulls the particles around defects to be larger, hence allowing the 
intercrystalline voids to increase in size as the zeolitic pores decrease, explaining the 
decrease in permeability as a function of temperature.  
There are many potential sources of error.  The pervaporation apparatus was built 
by hand as inspired by former group experiments, and all weight measurements, 
including those for measuring mass fractions of feed components, were all made 
manually, in triplicate, with a microbalance.28   Sources of error include the 
microbalance, the gas chromatograph, and the cold trap for the collection of the permeate 
droplets.  
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Chapter 4: Conclusions and Recommendations for Future Work 
  This model reasonably predicts component molar flux in the ethanol and water 
system.  The model works even better in cases when the sample is more defective, 
containing larger intercrystalline voids.  Model parameter 𝜙 increases as a function of 
temperature, indicating that the zeolite porosity to tortuosity ratio increases.  At 60°C, 𝜙 
values for ethanol and water line up to the same value, indicating that the model is more 
reasonable at higher temperatures.  The assertion that zeolitic pores decrease in size and 
simultaneously pull intercrystalline voids larger with increasing temperature is further 
supported by the decreasing permeabilities of ethanol and water in the range of 25°C to 
60°C. 
Several activities can further the scientific understanding of the work described in 
this thesis.  The first and most basic activities to recommend include variations and 
additions to the experimentation already started.  In order to see if the model works for all 
feed compositions, perhaps feed compositions of closer to 50/50 weight percent 
ethanol/water should be attempted, given the different thermodynamic properties of a 
higher ethanol containing feed.  This will change the activity coefficients and the mixture 
viscosities in the model.  Also, a higher ethanol content feed will change the interactions 
of the feed with the membrane surface, which may be hydrophobic or hydrophilic based 
on the surface chemistry. 
On the topic of surface chemistry, FTIR experiments may be carried out to 
determine if silanol terminal sites at the membrane surface exist, particularly in the case 
of the bad quality membrane, as suggested by Bowen et al.1   
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Downstream pressures were not recorded in this experimentation, and were 
assumed to be negligible or very close to 0 due to the vacuum pull.  As the literature 
suggests, this downstream pressure does make a noticeable difference in membrane 
permeance and should not be ignored; therefore, permeate pressures should be recorded 
in the future.   
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Table A1: Bad Quality Membrane Raw Data. 
T 
(K) 
Time 
(s) 
Feed 
Pressure 
(atm) 
Total Mass 
Permeate (g) 
GC Peak 
Avg. 
EtOH in 
permeate 
(mol) 
H2O in 
permeate 
(mol) 
298 1800 
1 0.145 515241 0.000132 0.007725 
3.05 0.261 521885 0.000241 0.013873 
4.08 0.292 533171 0.000276 0.015525 
5.11 0.369 547341 0.000358 0.019611 
318 
1800 1 0.143 510321 0.000129 0.007600 
2400 3.26 0.408 578999 0.000418 0.021575 
2400 4.08 0.496 597793 0.000524 0.026193 
2400 4.78 0.545 580266 0.000559 0.028828 
333 1800 
1 0.166 471960 0.000139 0.008859 
2.03 0.253 534721 0.000240 0.013447 
3.19 0.396 564962 0.000396 0.020970 
4.15 0.493 585701 0.000511 0.026067 
4.77 0.580 577537 0.000593 0.030689 
 
Table A2: Medium Quality Membrane Raw Data. 
T 
(K) 
Time 
(s) 
Feed 
Pressure 
(atm) 
Total Mass 
Permeate (g) 
GC Peak 
Avg. 
EtOH in 
permeate 
(mol) 
H2O in 
permeate 
(mol) 
298 3600 
1 0.154 660700 0.00018 0.0080708 
2.01 0.138 610461 0.00015 0.0072662 
3.05 0.144 532703 0.00014 0.0076282 
4.15 0.149 537686 0.00014 0.0079331 
5.11 0.164 552273 0.00016 0.0086872 
318 2700 
1 0.164 640307 0.00019 0.0086098 
2.10 0.162 651577 0.00019 0.0085137 
3.16 0.173 613361 0.00019 0.0091434 
4.15 0.210 596953 0.00022 0.0111102 
4.77 0.199 643959 0.00023 0.0104986 
333 2700 
1 0.177 718087 0.00022 0.0092409 
3.05 0.217 736367 0.00028 0.0113484 
4.08 0.256 596220 0.00027 0.0135406 
4.77 0.260 609416 0.00028 0.0137224 
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Table A3: Good Quality Membrane Raw Data. 
T 
(K) 
Time 
(s) 
Feed 
Pressure 
(atm) 
Total Mass 
Permeate (g) 
GC Peak 
Avg. 
EtOH in 
permeate 
(mol) 
H2O in 
permeate 
(mol) 
298 3600 
1 0.105 90357 1.684E-05 0.00581 
2.03 0.099 92281 1.617E-05 0.00546 
3.05 0.117 83365 1.721E-05 0.00644 
4.08 0.120 73637 1.568E-05 0.00665 
4.97 0.126 759712 1.694E-05 0.00696 
313 3600 
1 0.264 171646 7.660E-05 0.01444 
2.37 0.318 174316 9.383E-05 0.01742 
3.05 0.315 165302 8.805E-05 0.01725 
4.22 0.316 148438 7.949E-05 0.01736 
333  
1 0.576 391724 0.00038 0.03100 
2.03 0.415 389471 0.00027 0.02236 
3.05 0.431 358810 0.00026 0.02324 
4.05 0.440 392055 0.00029 0.02371 
4.70 0.430 368462 0.00027 0.02319 
 
 Using the total mass of the permeate, and the equation below, we can calculate 
total molar flux of the components21.  The total membrane area for the three membranes 
tested is A = 0.00053m2.	
 
  𝐽 = !!" (A1) 
 
The concentration of components in the permeate is calculated using an average of the 
gas chromatograph integral peaks, divided by the GC constant defined in the calibration 
curve from the experimental section.  The number of moles of each component is 
calculated by multiplying the permeate mass by the mass concentration, and converting 
to moles using molecular weight of the component.  The flux is then calculated by using 
the area mentioned above and the time of the run.  Total molar flux is calculated by 
adding the component fluxes together.   
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APPENDIX B  
USING IMAGEJ TO CALCULATE INTERCRYSTALLINE PORE SIZE 
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ImageJ Software by the NIH was used to determine inter-crystalline pore size 
based on pixel counts in the dark areas in between MFI crystals.29   The procedure begins 
with dragging and dropping the desired image into the ImageJ toolbar.  Make sure the 8-
bit option under Image>Type is selected.  Next, select the line shape in the toolbar and 
span the scale bar at the bottom.  Select Analyze, and then Set Scale.  In the pop up box, 
type Known Distance as 10 microns, or likewise whatever scale is listed on the SEM 
image.  Next, select the rectangle option in the ImageJ toolbar, and draw rectangle with 
the cursor to crop out the SEM information at the bottom, so that only the picture is 
showing.  Then, select Image>Crop to complete.  Next, select Image>Adjust, and pull the 
“maximum” line down to desired level, such that the inter-crystalline voids desired are 
accentuated.  Click Image>Adjust>Threshold and drag the bottom bar until desired holes 
are reflected.  Click Set.  Then, select Process from the menu, and select Binary>Make 
Binary.  To count the particles, click Analyze>Analyze Particles to view the data. 
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APPENDIX C 
DATA PROCESSING FOR SINGLE GAS PERMEATION EXPERIMENTS 
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Table C1: Single Gas Permeation Raw Data for GQM. 
 
Feed 
Pressure 
(kPa) 
Pressure 
drop (kPa) 
Volume 
(mL) 
Time 
(s) 
Permeance 
(mol/m2.s.Pa) 
Selectivity 
He/SF6 
He 23.9 13.7 20 66 1.9*10-7 25.4 
SF6 23.9 13.7 0.8 67 7.3*10-9 
 
Table C2: Single Gas Permeation Raw Data for MQM. 
 
Feed 
Pressure 
(kPa) 
Pressure 
drop (kPa) 
Volume 
(mL) 
Time 
(s) 
Permeance 
(mol/m2.s.Pa) 
Selectivity 
He/SF6 
He 23.9 13.7 20 73 1.7*10-7 9.3 
SF6 23.9 13.7 1 34 1.8*10-8 
 
Table C3: Single Gas Permeation Raw Data for BQM 
 
Feed 
Pressure 
(kPa) 
Pressure 
drop (Pa) 
Volume 
(mL) 
Time 
(s) 
Permeance 
(mol/m2.s.Pa) 
Selectivity 
He/SF6 
He 23.9 13.7 60 60 6.1*10-7 5.7 
SF6 23.9 13.7 20 113 1.1*10-7 
 
The feed pressure was set at 20 psig, or 24kPa in the unsteady state single gas 
permeation setup.  The volume of gas permeating the membrane in the stainless steel cell 
is measured using the bubble flow meter, and then converted to moles using the constant 
22.4 mol/L for ideal gases at room temperature.  The permeance for each membrane can 
be calculated using the membrane area mentioned in Appendix A, and a ratio of the He 
and SF6 permeances yields ideal selectivity. 
 
 
